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A single Zr65Al7.5Ni10Pd17.5 bulk metallic glass exhibits a large plastic strain of 6.6% during the
compressive deformation process, which is attributed to the deformation mode with nanoscale
multistep shear bands. We have observed that nanocrystals with a metastable fcc Zr2Ni structure
containing several distorted icosahedral clusters are arranged in a “bandlike” formation in the glassy
matrix around the multistep shear bands. This is recognized as direct evidence of the novel
phenomenon of the restraint of shear band propagation owing to the dynamic precipitation of the
nanocrystals. © 2005 American Institute of Physics. DOI: 10.1063/1.2081124Recently, an improvement in mechanical properties such
as plasticity during deformation in bulk metallic glasses
BMGs has been achieved by the production of nanocom-
posite materials with nanoscale structure control.1,2 Simulta-
neously, deformation behavior in metallic glasses has been
also studied to improve their mechanical properties as well
as to understand the mechanism of the deformation process
completely.3,4 The mechanical behavior of BMGs can be
classified as either homogeneous or inhomogeneous defor-
mation. Homogeneous deformation in metallic glasses usu-
ally occurs at high temperatures near the glass transition tem-
perature, Tg, accompanied with significant plasticity.
5,6 Nieh
et al.7 have reported that nonlinear viscous flow during the
tensile deformation induces nanocrystallization in Zr-Al-Ti-
Cu-Ni metallic glass in the supercooled liquid region. In this
region, the diffusion of constituents occurs easily.
The inhomogeneous deformation, which appears gener-
ally at low temperatures such as room temperature, proceeds
by the formation and propagation of localized shear bands.
Many different studies have been proposed to investigate in-
homogeneous deformation, caused by the variations in the
glassforming ability GFA of the alloy systems, i.e., the sta-
bility of the glassy state.3,8–13 Because of this, it is difficult to
formulate a universal theory.
Very recently, we have reported the properties of a
unique bulk Zr65Al7.5Ni10Pd17.5 metallic glass with a huge
plasticity in compressive deformation, which is clearly in
contrast with other bulk metallic glasses.14,15 In this paper,
we present direct evidence of dynamic nanocrystallization by
compressive deformation at room temperature in the
Zr65Al7.5Ni10Pd17.5 bulk metallic glass. It indicates the re-
straint of the propagation of localized shear bands by the
precipitation of nanocrystals as well as the occurrence of
structural change during the shear band propagation in the
glassy region.
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was produced by arc-melting Zr of 99.9% purity and Al, Ni,
and Pd of 99.99% purity in a purified argon atmosphere. The
molten alloy was cast into a Cu mold 3 mm in diameter and
50 mm in length under atmospheric pressure =0.1 MPa.
The mechanical test was conducted with a strain gauge under
the compressive mode at a strain rate of 510−4 s−1 at room
temperature. The fracture surface was examined by scanning
electron microscopy SEM with an accelerating voltage of
20 kV. The transmission electron microscopy TEM obser-
vation was performed using a field-emission-type micro-
scope with an accelerating voltage of 300 kV. The structure
of the precipitates was analyzed by selected-area electron
diffraction SAD and nanobeam electron diffraction NBD.
Figure 1 shows a high-resolution transmission electron
microscopy HREM image a and an SAD pattern b of
the as-cast Zr65Al7.5Ni10Pd17.5 cylinder 3 mm in diameter. A
homogeneous maze contrast is observed and no obvious
fringe contrast corresponding to the crystalline structure can
be seen in the HREM image Fig. 1a. By considering that
the SAD pattern Fig. 1b reveals only a halo ring as well
FIG. 1. High-resolution TEM HREM image a and selected-area electron
diffraction SAD pattern b of the as-cast Zr65Al7.5Ni10Pd17.5 bulk metallic
glass 3 mm in diameter.
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determined to have a single glassy structure. The stress-strain
S-S curve of the compressive deformation of the
Zr65Al7.5Ni10Pd17.5 metallic glass cylinder is shown in Fig. 2.
Significant plasticity is exhibited in the compressive defor-
mation shown in the S-S curve. The plastic strain is esti-
mated to be 6.6%, which is markedly improved compared
with that 1.3% in the single glassy Zr65Al7.5Ni10Cu17.5
cylinder.15 The yield stress, fracture stress and Young’s
modulus are 1594 MPa, 1698 MPa, and 86.1 GPa, respec-
tively. Figure 3 shows SEM images of the fracture surface
a and the surface of the cylindrical sample near the frac-
tured region b. A typical vein pattern is characterized in the
fracture surface as shown in Fig. 3a, which has no signifi-
cant differences macroscopically from those in other bulk
metallic glasses. However, the multishear-band pattern is ob-
tained in the surface of the sample near the fractured area
Fig. 3b. The distance between shear bands is less than
1 m and a large number of shear bands appear at various
angles from the stress axis. This is clearly in contrast with
the typical images of other bulk metallic glasses that have no
significant plastic strain during compressive deformation.
For example, an SEM image of the sample surface in the
compressive fractured Zr65Al7.5Ni10Cu17.5 metallic glass is
shown in Fig. 3c. Few shear bands except major ones are
exhibited in the sample surface and they are observed with a
similar angle of approximately 45° from the stress axes. The
multishear-band pattern is usually observed in the multiaxial
stress state such as that in the indentation.16 In the present
FIG. 2. Compressive stress-strain curve of the Zr65Al7.5Ni10Pd17.5 bulk me-
tallic glass obtained at strain rate of 510−4 s−1 at room temperature.
FIG. 3. Scanning electron microscopy SEM images of fracture surface a
and cylindrical sample surface near fractured area showing shear bands b.
The shear bands that appeared in the Zr65Al7.5Ni10Cu17.5 metallic glass under
the same compressing condition are shown in c for comparison.
Downloaded 17 Feb 2010 to 130.34.135.83. Redistribution subject to study, it is realized that the deformation proceeds under the
uniaxial stress mode. Although a similar multishear band is
obtained in nanocomposite materials consisting of nanocrys-
talline particles or a ductile crystalline phase in a glassy ma-
trix under a uniaxial stress state,17–19 it does not appear in
single bulk metallic glasses with a high GFA.
The microstructure feature in the fracture tip has been
analyzed by TEM. Figure 4 shows high-resolution TEM
HREM images a and b, fast Fourier transform FFT
c, SAD d, and NBD e patterns of the fractured tip of the
Zr65Al7.5Ni10Pd17.5 metallic glass cylinder. In Fig. 4a, a
very unique microstructure consisting of nanoscale “band-
like” contrast is observed. The widths of the dark and bright
regions are in the ranges of 5–10 nm and 20–50 nm, respec-
tively. We can confirm the fringe contrast in diameters of 2–5
nm in the dark region in the high magnification image as
denoted “NC” in Fig. 4b. The results reveal the precipita-
tion of nanocrystalline particles. In contrast, the bright region
has a homogenous maze contrast in agreement with that in
the as-cast sample. The FFT obtained from the bright region
in Fig. 3c exhibits the halo pattern, indicating the fully
glassy structure. The precipitated nanocrystalline particles
are identified as the metastable fcc Zr2Ni structure by the
examination of SAD and NBD patterns as indexed in Figs.
4d and 4e. The fcc Zr2Ni structure is well known as the
unique structure containing the distorted icosahedral clusters
in the big unit cell with the lattice parameter of approxi-
mately a=1.23 nm.20–22
We can realize the mechanism of the precipitation of
nanocrystalline particles with the propagation of an indi-
vidual shear band in the nanoscale range in the following
schematic illustration shown in Fig. 5. At the initial stage, the
shear band starts to move under shear stress Fig. 5a in the
metallic glass associated with localized viscous flow. With
the propagation of the corresponding shear band, structural
segregation and transformation are induced owing to the lo-
calized temperature arising or the change in chemical short-
range order CSRO by the concentration of shear stress in
Fig. 5b. The stability of the supercooled liquid state in the
present alloy is less than those in other BMG alloys such as
Zr65Al7.5Ni10Cu17.5 as is evidenced by the narrow super-
cooled liquid region and the primary icosahedral quasicrys-
23
FIG. 4. High-resolution TEM HREM images containing nanomultistep
shear bands a and b of fracture tip of the Zr65Al7.5Ni10Pd17.5 metallic
glass. The fast Fourier transform FFT c obtained from the bright region,
selected-area electron diffraction SAD, d taken from the whole area and
nanobeam electron diffraction NBD, e patterns taken from the dark re-
gion in the HREM image of a are also shown.talline QC phase formation by annealing. These results
AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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liquid state induced by shear band propagation. Moreover,
the QC formation suggests that the alloy has a tendency to
form a local icosahedral atomic configuration in the glassy
state.24–26 In the deformation-induced crystallization, the me-
tallic glass is strongly distorted around the shear band and
the constituent elements are difficult to arrange in an icosa-
hedral quasicrystalline order for the short time under stress.
We suggest that this is the reason for the precipitation of the
fcc Zr2Ni phase instead of the QC phase. By the precipitation
of the fcc Zr2Ni nanocrystalline particles, the propagation of
the corresponding shear band is suddenly suppressed by the
disappearance of the localized viscous flow, which results in
the arrangement of nanocrystals along with a stationary shear
band. Then, the other shear band starts to move in the glassy
structure near the region where the previous shear band was
stopped, owing to the local concentration of shear stress,
which is also shown in Fig. 5b. Repeating the process dur-
ing deformation, a large plasticity is achieved by shear band
branching compared with that in deformation without nanoc-
rystallization as shown in Fig. 5c. In the schematic illustra-
tion of the fracture surface shown in Fig. 5d, the direction
of TEM observation is indicated by the arrow. From the di-
rection, the glassy and nanocrystalline regions should be ob-
FIG. 5. Schematic illustrations of propagation of individual shear band in
nanoscale range in present alloy. a Deformation through conventional
mechanism of shear band propagation at initial stage. b Structural segre-
gation and nanocrystallization by concentration of shear stress. c Suppres-
sion of propagation of shear bands by precipitation of nanocrystalline par-
ticles, which results in arrangement of nanocrystals along with stationary
shear band. d Formation mechanism of nanoscale “bandlike” structure
based on multistep shear bands.The direction of TEM observation is indi-
cated by the arrow.Downloaded 17 Feb 2010 to 130.34.135.83. Redistribution subject to served in the arrangement of the “bandlike” structure. We
estimate that the shear bands can move for approximately
20–50 nm without nanocrystallization.
The present study provides direct evidence of the mecha-
nism of nanoscale multistep shear band formation with sig-
nificant plastic deformation in the Zr65Al7.5Ni10Pd17.5 metal-
lic glass. A novel nanoscale structure arranging fcc Zr2Ni
nanocrystalline particles in a “bandlike” formation in the
glassy matrix is observed in the fracture tip. It is concluded
that the nanoscale “bandlike” structure is recognized as a
result of the suppression of the propagation of shear bands
owing to dynamic nanocrystallization.
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